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Abstract 45 

Genetic defects in the ability to deliver effective perforin have been reported in patients with 46 

hemophagocytic lymphohistiocytosis. We tested the hypothesis that a primary perforin 47 

deficiency might also be causal in severe SARS-CoV-2 infection. We recruited 56 volunteers 48 

confirmed as being SARS-CoV-2-infected by RT-PCR and admitted to Intensive Care Units 49 

(ICU) or non-ICU, and age- and sex-matched healthy controls (HCs). Compared with HCs, 50 

the percentage of perforin-expressing CD3
-
CD56

+
 NK cells quantified by flow cytometry was 51 

low in COVID-19 patients (69.9 ± 17.7 vs 78.6 ± 14.6 %, p = 0.026). There was no 52 

correlation between the proportions of perforin-positive NK cells and T8 lymphocytes. 53 

Moreover, the frequency of NK cells producing perforin was neither linked to disease severity 54 

nor predictive of death. Although IL-6 is known to downregulate perforin production in NK 55 

cells, we did not find any link between perforin expression and IL-6 plasma level. Yet, we 56 

unveiled a negative correlation between the degranulation marker CD107A and perforin 57 

expression in NK cells (r = -0.488, p = 10
-4

). PRF1 gene expression and the frequency of NK 58 

cells harboring perforin were normal in patients one year after acute SARS-CoV-2 infection. 59 

A primary perforin defect does not seem to be a driver of COVID-19 since NK perforin 60 

expression is (i) linked neither to T8 perforin expression nor to disease severity, (ii) inversely 61 

correlated with NK degranulation, and (iii) normalized at distance from acute infection. Thus, 62 

the cause of low frequency of perforin-positive NK cells appears, rather, to be consumption. 63 

 64 

Key points 65 

COVID-19 present low percentages of perforin-expressing NK cells.  66 

This was not linked to disease severity but anticorrelated with NK degranulation.  67 

A primary perforin deficiency does not seem to be a driver of COVID-19. 68 

69 
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Introduction 70 

NK cells are type 1 innate lymphoid cells playing a key role in defense against tumors and 71 

intracellular pathogens, particularly via perforin- and granzyme B-mediated cytotoxicity (1). 72 

A panel of activating and inhibitory receptors displayed at their surface and sensing molecules 73 

at the surface of infected and tumoral cells determine their propensity to kill. The signals 74 

delivered by these receptors provoke the release of cytotoxic factors by NK cells, including 75 

perforin, resulting in the apoptosis of the target cells. Moreover, NK cells regulate T cell-76 

mediated antiviral immune response (2). NK cells are particularly well-known for being 77 

important actors in the immune defense against respiratory viral infections, including 78 

coronaviruses (3).  79 

Severe forms of COVID-19 have many similar features to hemophagocytic 80 

lymphohistiocytosis (HLH) (4-6). The frequency of HLH symptoms in COVID-19 is 81 

discussed, some authors reporting it as low (7-9), but others as higher than in non-COVID-19 82 

sepsis (10). Various articles (8, 11), but not all (9), established the prognostic value on 83 

mortality of these symptoms. Differences in the level of different markers have also been 84 

observed between severe COVID-19 and HLH. For instance, interleukin (IL)-12, IL-15, IL-85 

18,  IL-21, interferon (IFN)-, soluble Fas Ligand, were shown lower, and IL-8, IL-1 Receptor 86 

Antagonist, InterCellular Adhesion Molecule-1 higher in the former than in the latter (12, 87 

13). HLH is defined by the presence of at least 5 of the following criteria: fever, 88 

splenomegaly, cytopenia of at least 2 lineages, hyperferritinemia, an increase in soluble 89 

CD25, high triglyceridemia and low fibrinogenemia, decrease in NK activity, and 90 

hemophagocytosis (14). HLH may be primary, caused by a genetic deficiency in perforin or 91 

in factors involved in exocytosis, or secondary to malignant hemopathies, auto-immune 92 

disorders or infections, particularly viral infections. Even in secondary HLH, a deficiency in 93 

perforin or mutations in proteins mediating exocytosis have been found in up to 40% of 94 
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patients (15). This raises the possibility that cytotoxic deficiency is a key driver of HLH and, 95 

potentially, of the severity of COVID-19. This may be explained by the fact that perforin-96 

deficient cytotoxic cells produce more cytokines than wild-type cytotoxic cells (16). In fact, it 97 

is the target cell which triggers the detachment of the cytotoxic cell via a caspase-dependent 98 

signal. When perforin is deficient, the caspase pathway is not fully activated in the target cell 99 

so the contact time is drastically increased. This increase results in an overproduction of IL-2, 100 

tumor necrosis factor (TNF)-, and IFN- by the cytotoxic cell (17). IFN- induces the release 101 

of large amounts of IL-6 by myeloid cells, a marker of HLH and COVID-19 (4). In line with 102 

this observation, NK cells secrete greater quantities of inflammatory cytokines in perforin-103 

deficient mice infected with mouse cytomegalovirus (18). In addition, NK cells may kill T 104 

cells (19). Consequently, in mice infected with the lymphocytic choriomeningitis virus, 105 

perforin deficiency has been shown to result in the accumulation of exhausted CD8+ T cells, 106 

responsible for immune-mediated damage and death, as in severe forms of COVID-19 (20, 107 

21). NK cells may also kill NK cells and thereby downregulate immune activation (22). 108 

Finally, perforin has also been involved in NK and CD8+ T cell killing by regulatory T cells 109 

(23). Altogether, these findings argue for perforin’s role in reducing the intensity of immune 110 

responses. Moreover, the hypothesis of defective cytotoxicity as a causal factor of COVID-19 111 

ties in with the fact that aging (24) and comorbidities like diabetes (6), conditions known to 112 

reduce perforin expression (25), are predictive of a poor prognosis in SARS-CoV-2 infection. 113 

To better understand the pathogenic mechanisms of this disease, we analyzed perforin 114 

expression in the NK cells of COVID-19 patients, seeking arguments in favor of perforin 115 

deficiency having an etiologic role in the severity of this disease. 116 

In the present study, we show a low frequency of perforin-expressing NK cells in COVID-19 117 

patients, but we report arguments against a causal role of this impairment in COVID-19.  118 

119 
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Materials and methods 120 

Study design 121 

All patients were diagnosed as being SARS-CoV-2-infected by RT-PCR. Their blood was 122 

drawn on the first day of hospitalization at an intensive care unit (ICU) or a non-ICU in the 123 

University Hospital of Nîmes, France. ICU participants presented with oxygen saturation 124 

<90% in ambient air or <95% with 5L/mn of oxygen therapy and/or arterial oxygen tension of 125 

less than 60 mm Hg. Non-ICU participants presented with oxygen saturation <96% in 126 

ambient air. The French Île-de-France 1 Ethics Committee approved this study and all 127 

volunteers had provided written informed consent. The trial was registered on 128 

ClinicalTrials.gov under the reference NCT04351711. 129 

Flow cytometry 130 

Perforin expression was quantified by intracellular PBMC labeling. Frozen cells were first 131 

thawed, and washed twice. 200,000 cells were surface-labeled with the following antibody 132 

panel: CD3-allophycocyanine/Alexa750 (Beckman Coulter) + CD16-allophycocyanine 133 

(Beckman Coulter) + CD56-phycoerythrin/cyanine 5.5 (Beckman Coulter) + CD107A- 134 

phycoerythrin (Biolegend). IgG1- fluorescein isothiocyanate (clone REA293, Myltenyi 135 

Biotec) and IgG1- phycoerythrin (clone MOPC-21, Biolegend) were used as isotypic controls. 136 

The cells were then fixed using IMMUNOPREP Reagent System Kit and TQ Prep automate 137 

(Beckman Coulter), and permeabilized for Perforin labeling (perforin-fluorescein 138 

isothiocyanate, Myltenyi Biotec) using a cytofix-cytoperm kit (Becton-Dickinson). A 139 

minimum of 20,000 lymphocytes were run on a Navios flow cytometer and results were 140 

analyzed by using Kaluza software (Beckman Coulter).  141 

Biomarkers  142 

The plasma levels of IL-6, IL-12p70, and IFN- were determined by Luminex/xMAP 143 

immunoassay (ProcartaPlex, ThermoFisher scientific, Saint Aubin, France), and those of C-144 
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reactive protein (CRP) and lactate dehydrogenase (LDH) by turbidimetry. Peripheral blood 145 

lymphocytes and monocytes were counted by a hemocytometer (Sysmex XN-10).  146 

Perforin mRNA expression 147 

RNA was extracted with Trizol on a frozen dry pellet of 100,000 PBMCs from volunteers and 148 

resuspended in 20 ul of DEPC-treated water. 8 l were then reverse-transcribed with random 149 

hexamers using the Superscript III kit (Invitrogen). The cDNA was then amplified on a 150 

LightCycler 480 (Roche) with the Roche Sybr green master kit with the appropriate primers 151 

as technical triplicate. Perforin expression is estimated relative to GAPDH. Primer sequences: 152 

perforin: AACTTTGCAGCCCAGAAGACC and GTGCCGTAGTTGGAGATAAGCC. 153 

GAPDH: AGTTAAAAGCAGCCCTGGTG and AGTTAAAAGCAGCCCTGGTG. 154 

Statistical analysis 155 

Normality was assessed by the d’Agostino and Pearson test. A two-sided unpaired Student t 156 

test or Mann-Whitney test was used to compare groups, as appropriate. A two-sided Pearson 157 

or Spearman test evaluated correlations, as appropriate. A p-value of <0.05 was considered 158 

statistically significant. 159 

160 
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Results 161 

Patient characteristics 162 

Twenty-eight non-ICU volunteers (15 females and 13 males, 67.5 ± 20.8 years old, 163 

symptomatic for 6.3 ± 9.5 days) and 26 ICU volunteers (13 females and 13 males, 70.6 ± 13.4 164 

years old, symptomatic for 12.3 ± 7.3 days) were recruited. Their bioclinical characteristics 165 

had been previously reported (26). Twenty-nine age- and sex-matched healthy controls (HCs) 166 

were recruited in parallel (12 females and 17 males, 63.7 ± 19.0 years old).   167 

NK cell perforin expression in the course of severe SARS-CoV-2 infection 168 

Perforin expression was quantified in permeabilized CD3
-
CD56

+
 NK cells by flow cytometry 169 

(Fig. 1). As compared with HCs, we observed a decrease in the percentage of perforin-170 

positive NK cells in patients (69.9 ± 17.7 vs 78.6 ± 14.6 %, p = 0.026), particularly in ICU 171 

patients (67.5 ± 19.9 vs 78.6 ± 14.6 %, p = 0.037), as shown in Figure 2A. The frequency of 172 

perforin-expressing NK cells was independent of corticotherapy, either dexamethasone, 173 

prednisolone, methylprednisolone or hydrocortisone (supplementary Fig. 1A), and 174 

oxygenotherapy, either supplemental oxygen therapy or mechanical ventilation 175 

(supplementary Fig. 1B). 176 

If this perforin deficiency were genetically determined, one would expect patients with low 177 

NK perforin expression to also have low T cell perforin expression. We previously measured 178 

perforin expression in the T8 cells of patients we recruited (26). Yet, we observed no 179 

correlation between the proportion of perforin-positive NK cells and the proportion of 180 

perforin-positive T8 cells in ICU and non-ICU patients (r = 0.195, p = 0.167, Fig.2B). This 181 

observation is a first argument against the hypothesis of a primary perforin deficiency as a 182 

driver of COVID-19. 183 

In addition to the frequency of perforin-positive NK cells, we evaluated the amount of 184 

perforin per NK cell using the medianmean fluorescence intensity (MFI) of NK cells labeled 185 
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with the anti-perforin monoclonal antibody. As shown in Figure 2C, perforin expression in 186 

NK cell was elevated in ICU patients (59,599 ± 63,168 vs 54,380 ± 86,750 arbitrary units, p = 187 

0.059), and even more in non-ICU patients (120,130 ± 75,926 vs 54,380 ± 86,750 arbitrary 188 

units, p < 10
-4

), as compared with healthy controls. These findings, in line with previous data 189 

(27), are a second argument against the hypothesis of a primary perforin deficiency as a driver 190 

of COVID-19. 191 

Perforin expression and COVID-19 severity 192 

We tested the hypothesis of a causal link between the ability to produce perforin and the 193 

severity of SARS-CoV-2 infection. As shown in Fig. 2A, there was no difference in the 194 

percentage of perforin-positive NK cells between ICU and non-ICU patients (67.5 ± 19.9 % 195 

vs 72.0 ± 15.5 %, p = 0.497), whereas COVID-19 was more severe in the former than in the 196 

later. Secondly, we looked for correlations between perforin expression and established 197 

markers of severity (28). The frequency of perforin-expressing NK cells was linked neither to 198 

C-reactive protein (r = 0.231, p = 0.136, Fig. 3A), nor to lactate dehydrogenase (r = 0.131, p = 199 

0.507, Fig. 3B), nor to lymphocyte count (r = 0.025, p = 0.867, Fig. 3C), nor to monocyte 200 

count (r = 0.093, p = 0.531, Fig. 3D). There was not any negative correlation between the 201 

median level of perforin expression in NK cells and CRP (r = 0.086, p = 0.588, supplementary 202 

Fig. 2A), LDH (r = -0.240, p = 0.228, supplementary Fig. 2B), lymphocyte count (r = 0.270, p 203 

= 0.069, supplementary Fig. 2C), or monocyte count (r = 0.088, p = 0.560, supplementary 204 

Fig. 2D). 205 

Finally, we rationalized that, if a primary defect in perforin production was involved in the 206 

severity of COVID-19, low perforin expression should be predictive of an adverse prognosis. 207 

Yet, as shown in Figure 3E and 3F, the percentage of perforin-positive NK cells (63.8 ± 21.9 208 

vs. 78.3 ± 11.4 %, p = 0.243) and the median perforin expression per NK cell (34,139 ± 209 
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31,258 vs. 124,770 ± 137,681, p = 0.110) were not higher in ICU patients who survived than 210 

in those who did not.  211 

Perforin expression and cytokines 212 

As we did not find any argument for a primary deficiency in perforin production in patients, 213 

we looked for other potential causes of the low frequency of NK cells harboring perforin we 214 

had observed. IFN- and IL-12 are known to induce perforin expression in NK cells (25, 29). 215 

We therefore looked for, but did not find any positive correlation between the plasma level of 216 

each cytokine and the frequency of perforin-positive NK cells (r = -0.283, p = 0.049, Fig. 4A 217 

and r = -0.190, p = 0.196, Fig. 4B, respectively) or the NK cell content in perforin (r = 0.021, 218 

p = 0.890, Fig. 4D and r = -0.255, p = 0.084, Fig. 4E, respectively). By contrast, IL-6 is 219 

known to inhibit perforin expression in NK cells (30). Therefore, we sought a link between 220 

NK cell perforin expression and IL-6 production. To this aim, we measured IL-6 in plasma. 221 

However, we did not find a significant negative correlation between the percentage of 222 

perforin-positive NK cells (r = -0.198, p = 0.181, Fig. 4C) or the density in perforin in NK 223 

cells (r = 0.129, p = 0.397, Fig. 4F) and IL-6 plasma levels.  224 

Perforin expression and perforin consumption 225 

Another explanation for the low frequency NK cells expressing perforin we unveiled might be 226 

consumption. To test this possibility, we determined cell surface expression of the 227 

degranulation marker CD107a. Indeed, we observed a clear negative correlation between the 228 

percentage of CD107A-positive NK cells and the percentage of perforin-positive NK cells (r 229 

= -0.488, p = 10
-4

, Fig. 5A). There was also a negative correlation between CD107A cell 230 

surface expression and the intracellular perforin level (r = -0.269, p = 0.051, Fig. 5B). This is 231 

a strong argument in favor of perforin release as a cause of the low frequency of perforin-232 

positive NK cells. Of note, as compared with controls, the frequency of perforin 233 

degranulation, as evaluated by CD107a expression, was elevated in ICU patients (31.7 ± 25.3 234 
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% vs 17.3 ± 20.2 %, p = 0.014), but not in non-ICU patients (6.2 ± 9.7 % vs 17.3 ± 20.2 %, p 235 

< 10
-4

) where it was even low (Fig. 5C). The same tendency, but less significant, was 236 

observed for T8 cells (Fig. 5D). In our cohort, the mean duration of symptomatology was 7 237 

days for non-ICU patients and 12 days for ICU patients. Therefore, the low percentage of 238 

CD107A-positive NK cells we observed in non-ICU participants is in line with the previous 239 

report of a defect in NK degranulation during the first week of severe disease (31). 240 

Perforin expression in NK cells at distance from infection 241 

To definitively rule out the hypothesis of a constitutive quantitative deficiency in perforin as a 242 

cause of severe COVID-19 in cases of SARS-CoV-2 infection, we measured PRF1 243 

expression in 6 volunteer PBMCs one year after the acute episode of infection. At that time, 244 

their PRF1 mRNA was no different from that of 5 HCs (102.3 ± 60.6 vs. 59.4 ± 54.7 arbitrary 245 

units, p = 0.248, Fig. 6A). Likewise, there was no difference in the frequency of perforin-246 

positive NK cells (78.0 ± 10.0 % vs. 78.6 ± 14.6 %, p = 0.893, Fig. 6B) between 12 patients a 247 

year after the acute infection and HCs. 248 

 249 

250 



 

 

12 

12 

Discussion 251 

SARS-CoV-2 appears to be able to block interferon production and signaling at the early 252 

phase of infection (32). Consequently, COVID-19 patients present with an impaired 253 

interferon type 1 (IFNI) activity (33). This allows its replication during an asymptomatic 254 

phase. In some patients, this results in an acute immune activation including a cytokine storm 255 

that might be co-responsible for the lung lesions that determine the prognosis (6). A key 256 

question is to unravel the reasons why individuals who develop a severe form of COVID-19 257 

fail to control this virus-induced immune response. Paradoxically, among the possibilities is a 258 

faint cytotoxic activity. Perforin impairment may result in inflammatory cytokine 259 

overproduction by the cytotoxic cells, insufficient clearance of infected cells and activated 260 

immune cells, and a regulatory T cell deficiency contributing to an acute immune activation 261 

(25). Accordingly, a deficiency in perforin production or release may be responsible for the 262 

HLH syndrome. As COVID-19 has fever, cytopenia, hyperferritinemia, increase in soluble 263 

CD25, high triglyceridemia and low fibrinogenemia, and hemophagocytosis in common with 264 

HLH (5), it is logical to propose cytotoxic deficiency as a driver of severe forms of COVID-265 

19. 266 

In the present study, we did observe a decrease in the frequency of perforin-expressing NK 267 

cells in patients hospitalized for COVID-19. Now, contradictory data on perforin expression 268 

in NK cells and NK cytotoxicity have previously been reported in COVID-19 patients. Most 269 

authors observed a decrease in NK perforin protein (34) (35) or mRNA (36) expression as 270 

well as a decrease in NK cytotoxicity (37, 38) (39, 40), whereas Y. Jiang et al. found an 271 

increase (41). Yet, in this latter study, mild COVID-19 was included, and the percentage of 272 

perforin-positive NK cells was very low in healthy controls.  273 

The low percentage of perforin-expressing NK cells we observed does not seem to be a 274 

primary etiologic factor in severe forms, since it was (i) not concurrently present in T8 cells 275 
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and even contrasted with the high frequency of perforin-positive T4 cells we previously 276 

reported (26), (ii) negatively correlated with a marker of degranulation, an argument in favor 277 

of perforin consumption, (iii) neither linked to bioclinical markers of severity, nor predictive 278 

of death, and (iv) not observed one year after the episode of acute infection. Interestingly, 279 

earlier on we described a decrease in NK perforin expression in HIV-1-infected individuals of 280 

approximately the same magnitude as what we are now reporting in COVID-19 patients (42). 281 

Yet, HIV patients do not suffer from cytokine storms. Altogether these data argue against a 282 

genetic background impairing perforin expression as a cause of severe COVID-19. In line 283 

with this, various authors have underlined differences in COVID-19 and HLH immune 284 

activation profiles. In particular, IL-6 and HScore (43) are usually lower in the former than in 285 

the latter. Nonetheless, the perforin gene variant A91V, which encodes for a perforin protein 286 

with impaired processing, was observed three times more frequently in 22 young patients with 287 

severe forms of COVID-19 (44). Moreover, the two A91V-positive patients who presented 288 

with a high HScore, a score of severity in HLH, progressed rapidly and died. It is therefore 289 

possible that perforin deficiency plays a role in young patients, but not in older ones.  290 

Lymphocyte DNA damage and apoptosis we have previously described in severe COVID-19 291 

might contribute to the low frequency of perforin-positive NK cells we observed here (45-47). 292 

This low frequency might also be due to the TGF overproduction (40), to anti-IFNI 293 

autoantibodies (48), or to the impaired IFNI production and signaling observed in COVID-19 294 

patients (32, 33, 49), as IFNI is a major inducer of perforin expression (25). Yet, in opposition 295 

to this scenario, we observed a negative - rather than positive - correlation between IFN- 296 

plasma levels and perforin expression in NK cells. As IFN- plasma levels have been linked 297 

to SARS-CoV-2 viral load (50) and, as a high viral load should provoke NK activation, this 298 

anticorrelation might be explained by the fact that low perforin expression is the consequence 299 

of NK degranulation. 300 
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Consequently, the most probable hypothesis is indeed that the reduced number of NK cells 301 

harboring perforin in COVID-19 is the consequence of the release of this cytolytic factor in 302 

the course of NK cytotoxicity. A major way in which NK cells kill is by delivering perforin 303 

and granzyme B to inside the target cells, thereby triggering apoptosis (25). Prager et al. 304 

reported that target cell contact reduced perforin in NK cells over time (51). Moreover, 305 

exposure to target cells has been reported to downregulate perforin mRNA in NK cells (52). 306 

Consequently, within 8 hours of their contact with the target cell, NK cells lose their cytotoxic 307 

efficiency (53). Accordingly, we have shown here an inverse correlation between perforin 308 

expression and degranulation in COVID-19 NK cells. It is therefore logical to expect that in 309 

vivo SARS-CoV-2-infected cell elimination also results in a decrease in intra-NK perforin 310 

level. Strikingly, the amount of perforin in COVID patients NK cells is increased. This might 311 

be a consequence of NK cell activation reported by various authors (54-56). Yet, here again, 312 

the inverse correlation between perforin load in NK cells and their degranulation argues for 313 

the consumption of this cytotoxic mediator. 314 

Whatever the causes of low perforin expression might be, our data argue for the 315 

administration of IFNI at the early stage of SARS-CoV-2 infection, in order not to increase 316 

the acute immune activation that may occur at later stages. In fact, we have already 317 

demonstrated that pegylated-IFN-2 administration restores NK perforin expression in people 318 

living with HIV-1 (42). It may also be noted that the positive effects of IFN treatment on the 319 

discharge rate and mortality have been reported (57, 58). 320 

 321 

  322 



 

 

15 

15 

Acknowledgements 323 

We are grateful to Teresa Sawyers, Medical Writer at the BESPIM, Nîmes University 324 

Hospital, France, for expert assistance in editing this paper and also to the Centre de 325 

Ressources Biologiques, Nîmes University Hospital, France. 326 

Author Contributions 327 

LK, EB, SA, CL, and TV contributed to the conception and design of the flow cytometry 328 

study, and acquired, analyzed and interpreted the cell surface marker data.
  

329 

RC
 
acquired, analyzed and interpreted the soluble marker data.  330 

CM designed, performed, analyzed, and interpreted the RT-PCR analyses.  331 

MM, LM, JYL, CR, PGC, SD, PL, AS, and TAT contributed to the conception and design of 332 

the study, to patient enrollment and acquired, analyzed and interpreted the clinical data.  333 

JE and PC contributed to the conception and design of the study, analyzed and interpreted 334 

data, and wrote the first draft of the manuscript.
 
All authors reviewed and approved the final 335 

version.  336 



 

 

16 

16 

References 337 

1. Stokic-Trtica, V., A. Diefenbach, C.S.N. Klose. 2020. NK Cell Development in Times 338 

of Innate Lymphoid Cell Diversity. Front. Immunol. 11:813. 339 

2. Waggoner, S.N., M. Cornberg, L.K. Selin, R.M. Welsh. 2011. Natural killer cells act 340 

as rheostats modulating antiviral T cells. Nature 481:394-8. 341 

3. Schmidt, M.E., S.M. Varga. 2018. The CD8 T Cell Response to Respiratory Virus 342 

Infections. Front. Immunol. 9:678. 343 

4. Mehta, P., D.F. McAuley, M. Brown, E. Sanchez , R.S. Tattersall, J.J. Manson, Hlh 344 

Across Speciality Collaboration UK. 2020. COVID-19: consider cytokine storm 345 

syndromes and immunosuppression. Lancet 395:1033-1034. 346 

5. Prilutskiy, A., M. Kritselis, A. Shevtsov, I. Yambayev , C. Vadlamudi, Q. Zhao, Y. 347 

Kataria, S.R. Sarosiek, A. Lerner, J.M. Sloan, K. Quillen, E.J. Burks. 2020. SARS-348 

CoV-2 Infection-Associated Hemophagocytic Lymphohistiocytosis. Am. J. Clin. 349 

Pathol. doi:10.1093/ajcp/aqaa124. 350 

6. Huang, C., Y. Wang, X. Li, L. Ren, J. Zhao, Y. Hu, L. Zhang, G. Fan, J. Xu, X. Gu, Z. 351 

Cheng, T. Yu, J. Xia,Y. Wei, W. Wu, X. Xie, W. Yin, H. Li, M. Liu, Y. Xiao, H. Gao, 352 

L. Guo, J. Xie, G. Wang, R. Jiang, Z. Gao, Q. Jin, J. Wang, B. Cao. 2020. Clinical 353 

features of patients infected with 2019 novel coronavirus in Wuhan, China. Lancet 354 

395:497-506. 355 

7. Wood, H., J.R. Jones, K. Hui, T. Mare, T. Pirani, J. Galloway, V. Metaxa, R. 356 

Benjamin, A. Rutherford, S. Cain, A.G. Kulasekararaj. 2020. Secondary HLH is 357 

uncommon in severe COVID-19. Br. J. Haematol. 190:e283-e285. 358 

8. Bordbar, M., A. Sanaei Dashti, A. Amanati, E. Shorafa, Y. Mansoori, S.J. Dehghani, 359 

H. Molavi Vardanjani. 2021. Assessment of the HScore as a predictor of disease 360 

outcome in patients with COVID-19. BMC Pulm. Med. 21:338. 361 



 

 

17 

17 

9. Ardern-Jones, M.R., M. Stammers, H.T. Phan, F. Borca, A. Koutalopoulou, Y. Teo, J. 362 

Batchelor, T. Smith, A.S. Duncombe. 2021. Secondary haemophagocytic 363 

lymphohistiocytosis in hospitalised COVID-19 patients as indicated by a modified 364 

HScore is infrequent and high scores do not associate with increased mortality. Clin. 365 

Med. (Lond) 21:e543-e547. 366 

10. Allen, J., M.M. McCambridge, H. Kincaid, J.A. Kalter. 2021. Incidence of Secondary 367 

Hemophagocytic Lymphohistiocytosis in Critically-Ill COVID-19 Patients. Cureus 368 

13:e16735. 369 

11. Meng, M., L. Chen, S. Zhang, X. Dong, W. Li, R. Li, Y. Deng, T. Wang, Y. Xu, J. 370 

Liu, Y. Huang, Y. Chen, S. Huang, Z. Wen, L. Zhang, H. Du, Y. Liu, D. Annane, J. 371 

Qu, D. Chen. 2021. Risk factors for secondary hemophagocytic lymphohistiocytosis in 372 

severe coronavirus disease 2019 adult patients. BMC Infect. Dis. 21:398. 373 

12. Osman, M., R.M. Faridi, W. Sligl, M.T. Shabani-Rad, P. Dharmani-Khan, A. Parker , 374 

A. Kalra, M.B. Tripathi, J. Storek, J.W. Cohen Tervaert, F. M. Khan. 2020. Impaired 375 

natural killer cell counts and cytolytic activity in patients with severe COVID-19. 376 

Blood Adv. 4:5035-5039. 377 

13. Kessel, C., R. Vollenberg, K. Masjosthusmann, C. Hinze, H. Wittkowski, F. 378 

Debaugnies, C. Nagant, F. Corazza, F. Vely, G. Kaplanski, C. Girard-Guyonvarc'h, C. 379 

Gabay, H. Schmidt, D. Foell, P.R. Tepasse. 2021. Discrimination of COVID-19 From 380 

Inflammation-Induced Cytokine Storm Syndromes Using Disease-Related Blood 381 

Biomarkers. Arthritis Rheumatol. 73:1791-1799. 382 

14. Henter, J.I., A. Horne, M. Arico, R.M. Egeler, A.H. Filipovich, S. Imashuku, S. 383 

Ladisch, K. McClain, D. Webb, J. Winiarski, G. Janka. 2007. HLH-2004: Diagnostic 384 

and therapeutic guidelines for hemophagocytic lymphohistiocytosis. Pediatr. Blood 385 

Cancer 48:124-31. 386 



 

 

18 

18 

15. Kaufman, K.M., B. Linghu, J.D. Szustakowski, A. Husami, F. Yang, K. Zhang, A.H. 387 

Filipovich, N. Fall, J. B. Harley, N.R. Nirmala, A.A. Grom. 2014. Whole-exome 388 

sequencing reveals overlap between macrophage activation syndrome in systemic 389 

juvenile idiopathic arthritis and familial hemophagocytic lymphohistiocytosis. 390 

Arthritis. Rheumatol. 66:3486-95. 391 

16. Sad, S., D. Kagi, T.R. Mosmann. 1996. Perforin and Fas killing by CD8+ T cells 392 

limits their cytokine synthesis and proliferation. J. Exp. Med. 184:1543-7. 393 

17. Jenkins, M.R., J.A. Rudd-Schmidt, J.A. Lopez, K.M. Ramsbottom, S.I. Mannering, 394 

D.M. Andrews, I. Voskoboinik, J.A. Trapani. 2015. Failed CTL/NK cell killing and 395 

cytokine hypersecretion are directly linked through prolonged synapse time. J. Exp. 396 

Med. 212:307-17. 397 

18. Arapovic, M., I. Brizic, B. Popovic, S. Jurkovic, S. Jordan, A. Krmpotic, J. Arapovic, 398 

S. Jonjic. 2016. Intrinsic Contribution of Perforin to NK-Cell Homeostasis during 399 

Mouse Cytomegalovirus Infection. Front. Immunol. 7:133. 400 

19. Crouse, J., G. Bedenikovic, M. Wiesel, M. Ibberson, I. Xenarios, D. Von Laer, U. 401 

Kalinke, E. Vivier, S. Jonjic, A. Oxenius. 2014. Type I interferons protect T cells 402 

against NK cell attack mediated by the activating receptor NCR1. Immunity 40:961-403 

73. 404 

20. Matloubian, M., M. Suresh, A. Glass, M. Galvan, K. Chow, J.K. Whitmire, C.M. 405 

Walsh, W.R. Clark, R. Ahmed. 1999. A role for perforin in downregulating T-cell 406 

responses during chronic viral infection. J. Virol. 73:2527-36. 407 

21. Arapovic, J., M. Arapovic, M. Golemac, L. Traven, J. Tomac, D. Rumora, E. Razic, 408 

A. Krmpotic, S. Jonjic. 2015. The specific NK cell response in concert with perforin 409 

prevents CD8(+) T cell-mediated immunopathology after mouse cytomegalovirus 410 

infection. Med. Microbiol. Immunol. 204:335-44. 411 



 

 

19 

19 

22. Madera, S., M. Rapp, M.A. Firth, J.N. Beilke, L.L. Lanier, J.C. Sun. 2016. Type I IFN 412 

promotes NK cell expansion during viral infection by protecting NK cells against 413 

fratricide. J. Exp. Med. 213:225-33. 414 

23. Cao, X., S.F. Cai, T.A. Fehniger, J. Song , L.I. Collins, D.R. Piwnica-Worms, T.J. 415 

Ley. 2007. Granzyme B and perforin are important for regulatory T cell-mediated 416 

suppression of tumor clearance. Immunity 27:635-46. 417 

24. Zhou, F., T. Yu, R. Du, G. Fan,Y. Liu, Z. Liu, J. Xiang, Y. Wang, B. Song, X. Gu, L. 418 

Guan, Y. Wei, H. Li, X. Wu, J. Xu, S. Tu, Y. Zhang, H. Chen, B. Cao. 2020. Clinical 419 

course and risk factors for mortality of adult inpatients with COVID-19 in Wuhan, 420 

China: a retrospective cohort study. Lancet 395:1054-1062. 421 

25. Voskoboinik, I., J.C. Whisstock, J.A. Trapani. 2015. Perforin and granzymes: 422 

function, dysfunction and human pathology. Nat. Rev. Immunol. 15:388-400. 423 

26. Kundura, L., R. Cezar, S. André, M. Campos-Mora, C. Lozano, T. Vincent, L. Muller, 424 

J.Y. Lefrant, C. Roger, P.G. Claret, S. Duvnjak, P. Loubet, A. Sotto, T.A. Tran, J. 425 

Estaquier, P. Corbeau. 2022. Low perforin expression in CD8+ T lymphocytes during 426 

the acute phase of severe SARS-CoV-2 infection predicts long COVID. Front. 427 

Immunol. 13:1029006. 428 

27. Maucourant, C., I. Filipovic, A. Ponzetta, S. Aleman, M. Cornillet, L. Hertwig, B. 429 

Strunz, A. Lentini, B. Reinius, D. Brownlie, A. Cuapio, E.H. Ask, R.M. Hull, A. 430 

Haroun-Izquierdo, M. Schaffer, J. Klingstrom, E. Folkesson, M. Buggert, J.K. 431 

Sandberg, L.I. Eriksson, O. Rooyackers, H.G. Ljunggren, K.J. Malmberg, J. 432 

Michaelsson, N. Marquardt, Q. Hammer, K. Stralin, N.K. Bjorkstrom, C.-433 

S.G.Karolinska. 2020. Natural killer cell immunotypes related to COVID-19 disease 434 

severity. Sci. Immunol. 5(50):eabd68321. 435 



 

 

20 

20 

28. Zhu, A., G. Zakusilo, M.S. Lee, J. Kim, H. Kim, X. Ying, Y.H. Chen, C. Jedlicka, K. 436 

Mages, J.J. Choi. 2022. Laboratory parameters and outcomes in hospitalized adults 437 

with COVID-19: a scoping review. Infection 50:1-9. 438 

29. Yamamoto, K., F. Shibata, N. Miyasaka, O. Miura. 2002. The human perforin gene is 439 

a direct target of STAT4 activated by IL-12 in NK cells. Biochem. Biophys. Res. 440 

Commun. 297:1245-52. 441 

30. Cifaldi, L., G. Prencipe, I. Caiello, C. Bracaglia, F. Locatelli, F. De Benedetti, R. 442 

Strippoli. 2015. Inhibition of natural killer cell cytotoxicity by interleukin-6: 443 

implications for the pathogenesis of macrophage activation syndrome. Arthritis 444 

Rheumatol. 67:3037-46. 445 

31. Lee, M.J., C.A. Blish. 2023. Defining the role of natural killer cells in COVID-19. 446 

Nat. Immunol. 24:1628-1638. 447 

32. Blanco-Melo, D., B.E. Nilsson-Payant, W.C. Liu, S. Uhl, D. Hoagland, R. Moller, 448 

T.X. Jordan, K. Oishi, M. Panis, D. Sachs, T.T. Wang, R.E. Schwartz, J.K. Lim, R.A. 449 

Albrecht, tenOever BR. 2020. Imbalanced Host Response to SARS-CoV-2 Drives 450 

Development of COVID-19. Cell 181:1036-1045 e9. 451 

33. Hadjadj, J., N. Yatim, L. Barnabei, A. Corneau, J. Boussier, N. Smith, H. Pere, B. 452 

Charbit, V. Bondet, C. Chenevier-Gobeaux, P. Breillat, N. Carlier, R. Gauzit, C. 453 

Morbieu, F. Pene, N. Marin, N. Roche, T.A. Szwebel, S.H. Merkling, J.M. Treluyer, 454 

D. Veyer, L. Mouthon, C. Blanc, P.L. Tharaux, F. Rozenberg, A. Fischer, D. Duffy, F. 455 

Rieux-Laucat, S. Kerneis, B. Terrier. 2020. Impaired type I interferon activity and 456 

inflammatory responses in severe COVID-19 patients. Science 457 

doi:10.1126/science.abc6027. 458 

34. Mazzoni, A., L. Salvati, L. Maggi, M. Capone, A. Vanni, M. Spinicci, J. Mencarini, R. 459 

Caporale, B. Peruzzi, A. Antonelli, M. Trotta, L. Zammarchi, L. Ciani, L. Gori, C. 460 



 

 

21 

21 

Lazzeri, A. Matucci, A. Vultaggio, O. Rossi, F. Almerigogna, P. Parronchi, P. 461 

Fontanari, F. Lavorini, A. Peris, G.M. Rossolini, A. Bartoloni, S. Romagnani, F. 462 

Liotta, F. Annunziato, L. Cosmi. 2020. Impaired immune cell cytotoxicity in severe 463 

COVID-19 is IL-6 dependent. J. Clin. Invest. doi:10.1172/JCI138554. 464 

35. Bordoni, V., A. Sacchi, E. Cimini, S. Notari, G. Grassi, E. Tartaglia, R. Casetti, L. 465 

Giancola, N. Bevilacqua, M. Maeurer, A. Zumla, F. Locatelli, F. De Benedetti, F. 466 

Palmieri, L. Marchioni, M.R. Capobianchi, G. D'Offizi, N. Petrosillo, A. Antinori, E. 467 

Nicastri, G. Ippolito, C. Agrati. 2020. An inflammatory profile correlates with 468 

decreased frequency of cytotoxic cells in COVID-19. Clin. Infect. Dis. 71(16):2272-469 

2275. 470 

36. Bibert, S., N. Guex, J. Lourenco, T. Brahier, M. Papadimitriou-Olivgeris, L. Damonti, 471 

O. Manuel, R. Liechti, L. Gotz, J. Tschopp, M. Quinodoz, P. Vollenweider, J.L. 472 

Pagani, M. Oddo, O. Hugli, F. Lamoth, V. Erard, C. Voide, M. Delorenzi, N. Rufer, F. 473 

Candotti, C. Rivolta, N. Boillat-Blanco, P.Y. Bochud, C.S.G. Reg. 2021. 474 

Transcriptomic Signature Differences Between SARS-CoV-2 and Influenza Virus 475 

Infected Patients. Front. Immunol. 12:666163. 476 

37. Chen, Q., B. Yu, Y. Yang, J. Huang, Y. Liang, J. Zhou, L. Li, X. Peng, B. Cheng,Y. 477 

Lin. 2021. Immunological and inflammatory profiles during acute and convalescent 478 

phases of severe/ critically ill COVID-19 patients. Int. Immunopharmacol. 97:107685. 479 

38. Vigon, L., D. Fuertes, J. Garcia-Perez, M. Torres, S. Rodriguez-Mora, E. Mateos, M. 480 

Corona, A.J. Saez-Marin, R. Malo, C. Navarro, M.A. Murciano-Anton, M. Cervero, J. 481 

Alcami, V. Garcia-Gutierrez, V. Planelles, M.R. Lopez-Huertas, M. Coiras. 2021. 482 

Impaired Cytotoxic Response in PBMCs From Patients With COVID-19 Admitted to 483 

the ICU: Biomarkers to Predict Disease Severity. Front. Immunol. 12:665329. 484 



 

 

22 

22 

39. Yao, C., S.A. Bora, T. Parimon, T. Zaman, O.A. Friedman, J.A. Palatinus, N.S. 485 

Surapaneni, Y.P. Matusov, G. Cerro Chiang, A.G. Kassar, N. Patel, C.E. Green, A.W. 486 

Aziz, H. Suri, J. Suda, A.A. Lopez, G.A. Martins, B.R. Stripp, S.A. Gharib, H.S. 487 

Goodridge, P. Chen. 2020. Cell type-specific immune dysregulation in severely ill 488 

COVID-19 patients. medRxiv doi:10.1101/2020.07.23.20161182. 489 

40. Witkowski, M., C. Tizian, M. Ferreira-Gomes, D. Niemeyer, T.C. Jones, F. Heinrich, 490 

S. Frischbutter, S. Angermair, T. Hohnstein, I. Mattiola, P. Nawrath, S. McEwen, S. 491 

Zocche, E. Viviano, G.A. Heinz, M. Maurer, U. Kolsch, R.L. Chua, T. Aschman, C. 492 

Meisel, J. Radke, B. Sawitzki, J. Roehmel, K. Allers, V. Moos, T. Schneider, L. 493 

Hanitsch, M.A. Mall, C. Conrad, H. Radbruch, C.U. Duerr, J.A. Trapani, E. 494 

Marcenaro, T. Kallinich, V.M. Corman, F. Kurth, L.E. Sander, C. Drosten, S. 495 

Treskatsch, P. Durek, A. Kruglov, A. Radbruch, M.F. Mashreghi, A. Diefenbach. 496 

2021. Untimely TGFbeta responses in COVID-19 limit antiviral functions of NK 497 

cells. Nature 600:295-301. 498 

41. Jiang, Y., X. Wei, J. Guan, S. Qin, Z. Wang, H. Lu, J. Qian, L. Wu, Y. Chen, Y. Chen, 499 

X. Lin. 2020. COVID-19 pneumonia: CD8(+) T and NK cells are decreased in number 500 

but compensatory increased in cytotoxic potential. Clin. Immunol. 218:108516. 501 

42. Portales, P., J. Reynes, V. Pinet, R. Rouzier-Panis, V. Baillat, J. Clot, P. Corbeau. 502 

2003. Interferon-alpha restores HIV-induced alteration of natural killer cell perforin 503 

expression in vivo. AIDS 17:495-504. 504 

43. Loscocco, G.G., D. Malandrino, S. Barchiesi, A. Berni, L. Poggesi, P. Guglielmelli, 505 

A.M. Vannucchi. 2020. The HScore for secondary hemophagocytic 506 

lymphohistiocytosis, calculated without a marrow biopsy, is consistently low in 507 

patients with COVID-19. Int. J. Lab. Hematol. 42:e270-e273. 508 



 

 

23 

23 

44. Cabrera-Marante, O., E. Rodriguez de Frias, D.E. Pleguezuelo, L.M. Allende, A. 509 

Serrano, R. Laguna-Goya, M.E. Mancebo, P. Talayero, L. Alvarez-Vallina, P. 510 

Morales, M.J. Castro-Panete, E. Paz-Artal. 2020. Perforin gene variant A91V in young 511 

patients with severe COVID-19. Haematologica 105(12):2844-2846. 512 

45. André, S., M. Picard, R. Cezar, F. Roux-Dalvai, A. Alleaume-Butaux, C. 513 

Soundaramourty, A.S. Cruz, A. Mendes-Frias, C. Gotti, M. Leclercq, A. Nicolas, A. 514 

Tauzin, A. Carvalho, C. Capela, J. Pedrosa, A.G. Castro, L. Kundura, P. Loubet, A. 515 

Sotto, L. Muller, J.Y. Lefrant, C. Roger, P.G. Claret, S. Duvnjak, T.A. Tran, G. 516 

Racine, O. Zghidi-Abouzid, P. Nioche, R. Silvestre, A. Droit, F. Mammano, P. 517 

Corbeau, J. Estaquier. 2022. T cell apoptosis characterizes severe Covid-19 disease. 518 

Cell Death Differ. 29(8):1486-1499. 519 

46. Kundura, L., S. Gimenez, R. Cezar, S. André, M. Younas , Y.L. Lin, P. Portalès, C. 520 

Lozano, C. Boulle, J. Reynes, T. Vincent, C. Mettling, P. Pasero, L. Muller, J.Y. 521 

Lefrant, C. Roger, P.G. Claret, S. Duvnjak, P. Loubet, A. Sotto, T.A. Tran, J. 522 

Estaquier, P. Corbeau. 2022. Angiotensin II induces reactive oxygen species, DNA 523 

damage, and T cell apoptosis in severe COVID-19. J. Allergy Clin. Immunol. 524 

150(3):594-603.    525 

47. André, S., M. Azarias da Silva, M. Picard, A. Alleaume-Buteau, L. Kundura, R. 526 

Cezar, C. Soudaramourty, S.C. Andre, A. Mendes-Frias, A. Carvalho, C. Capela, J. 527 

Pedrosa, A. Gil Castro, P. Loubet, A. Sotto, L. Muller, J.Y. Lefrant, C. Roger, P.G. 528 

Claret, S. Duvnjak, T.A. Tran, O. Zghidi-Abouzid, P. Nioche, R. Silvestre, P. 529 

Corbeau, F. Mammano, J. Estaquier. 2022. Low quantity and quality of anti-spike 530 

humoral response is linked to CD4 T-cell apoptosis in COVID-19 patients. Cell Death 531 

Dis. 13:741. 532 



 

 

24 

24 

48. Bastard, P., L.B. Rosen, Q. Zhang, E. Michailidis, H.H. Hoffmann, Y. Zhang, K. 533 

Dorgham, Q. Philippot, J. Rosain, V. Beziat, J. Manry, E. Shaw, L. Haljasmagi, P. 534 

Peterson, L. Lorenzo, L. Bizien L, S. Trouillet-Assant, K. Dobbs, A.A de Jesus, A. 535 

Belot, A. Kallaste, E. Catherinot, Y. Tandjaoui-Lambiotte, J. Le Pen, G. Kerner, B. 536 

Bigio, Y. Seeleuthner, R. Yang, A. Bolze, A.N. Spaan, O.M. Delmonte, M.S. Abers, 537 

A. Aiuti, G. Casari, V. Lampasona, L. Piemonti, F. Ciceri, K. Bilguvar, R.P. Lifton, 538 

M. Vasse, D.M. Smadja, M. Migaud, J. Hadjadj, B. Terrier, D. Duffy, L. Quintana-539 

Murci, D. van de Beek, L. Roussel, D.C. Vinh, S.G. Tangye, et al. 2020. 540 

Autoantibodies against type I IFNs in patients with life-threatening COVID-19. 541 

Science 370(6515):eabd4585.    542 

49. Zhang, Q., P. Bastard, Z. Liu, J. Le Pen, M. Moncada-Velez, J. Chen, M. 543 

Ogishi,I.K.D. Sabli, S. Hodeib, C. Korol, J. Rosain, K. Bilguvar, Y. Ye, A. Bolze, B. 544 

Bigio, R. Yang, A.A. Arias, Q. Zhou, Y. Zhang, F. Onodi, S. Korniotis, L. Karpf, Q. 545 

Philippot, M. Chbihi, L. Bonnet-Madin, K. Dorgham, N. Smith, W.M. Schneider, B.S. 546 

Razooky, H.H. Hoffmann, E. Michailidis, L. Moens, J.E. Han, L. Lorenzo, L. Bizien, 547 

P. Meade, A.L. Neehus, A.C. Ugurbil, A. Corneau, G. Kerner, P. Zhang, F. Rapaport, 548 

Y. Seeleuthner, J. Manry, C. Masson, Y. Schmitt, A. Schluter, T. Le Voyer, T. Khan, 549 

J. Li, et al. 2020. Inborn errors of type I IFN immunity in patients with life-threatening 550 

COVID-19. Science 370(6515):eabd4570. 551 

50. Nagaoka, K., H. Kawasuji, Y. Murai, M. Kaneda, A. Ueno, Y. Miyajima, Y. Fukui, Y. 552 

Morinaga, Y. Yamamoto. 2022. Circulating Type I Interferon Levels in the Early 553 

Phase of COVID-19 Are Associated With the Development of Respiratory Failure. 554 

Front. Immunol. 13:844304. 555 

51. Prager, I., C. Liesche, H. van Ooijen, D. Urlaub, Q. Verron, N. Sandstrom, F. 556 

Fasbender, M. Claus , R. Eils, J. Beaudouin, B. Onfelt, C. Watzl. 2019. NK cells 557 



 

 

25 

25 

switch from granzyme B to death receptor-mediated cytotoxicity during serial killing. 558 

J. Exp. Med. 216:2113-2127. 559 

52. Bajpai, A., B.S. Kwon, Z. Brahmi. 1991. Rapid loss of perforin and serine protease 560 

RNA in cytotoxic lymphocytes exposed to sensitive targets. Immunology 74:258-63. 561 

53. Confer, D.L., G.M. Vercellotti, D. Kotasek, J.L. Goodman, A. Ochoa, H.S. Jacob. 562 

1990. Herpes simplex virus-infected cells disarm killer lymphocytes. Proc. Natl. 563 

Acad. Sci. U SA 87:3609-13. 564 

54. Fionda, C., S.Ruggeri, G. Sciume, M. Laffranchi, I. Quinti, C. Milito, P. Palange, I. 565 

Menichini, S. Sozzani, L. Frati, A. Gismondi, A. Santoni, H. Stabile. 2022. Age-566 

dependent NK cell dysfunctions in severe COVID-19 patients. Front. Immunol. 567 

13:1039120. 568 

55. Malengier-Devlies, B., J. Filtjens, K. Ahmadzadeh, B. Boeckx, J. Vandenhaute, A. De 569 

Visscher, E. Bernaerts, T. Mitera, C. Jacobs, L. Vanderbeke, P. Van Mol, Y. Van 570 

Herck, G. Hermans, P. Meersseman, A. Wilmer, M. Gouwy, A.D. Garg, S. Humblet-571 

Baron, F. De Smet, K. Martinod, E. Wauters, P. Proost, C. Wouters, G. Leclercq, D. 572 

Lambrechts, J. Wauters , P. Matthys. 2022. Severe COVID-19 patients display hyper-573 

activated NK cells and NK cell-platelet aggregates. Front. Immunol. 13:861251. 574 

56. Claus, M., N. Pieris, D. Urlaub, P. Brode, B. Schaaf, D. Durak, F. Renken, C. Watzl. 575 

2023. Early expansion of activated adaptive but also exhausted NK cells during acute 576 

severe SARS-CoV-2 infection. Front. Cell Infect. Microbiol. 13:1266790. 577 

57. Davoudi-Monfared, E., H. Rahmani, H. Khalili, M. Hajiabdolbaghi, M. Salehi, L. 578 

Abbasian, H. Kazemzadeh, M.S. Yekaninejad. 2020. A randomized clinical trial of the 579 

efficacy and safety of interferon beta-1a in treatment of severe COVID-19. 580 

Antimicrob. Agents Chemother. 64(9):e01061-20. 581 



 

 

26 

26 

58. Wang, N., Y. Zhan, L. Zhu, Z. Hou, F. Liu, P. Song, F. Qiu, X. Wang, X. Zou, D. 582 

Wan, X. Qian, S. Wang, Y. Guo, H. Yu, M. Cui, G. Tong, Y. Xu, Z. Zheng, Y. Lu, P. 583 

Hong. 2020. Retrospective Multicenter Cohort Study Shows Early Interferon Therapy 584 

Is Associated with Favorable Clinical Responses in COVID-19 Patients. Cell Host 585 

Microbe 28(3):455-464. 586 

 587 

  588 



 

 

27 

27 

Figure legends 589 

Figure 1. Representative gating strategy for the identification of CD56+ NK cells expressing 590 

perforin and/or CD107A (lower right hand). The isotypic control is shown (upper right hand). 591 

Figure 2. (A) Perforin expression in COVID-19 patient cytotoxic cells. Frequency of 592 

perforin-expressing NK cells in patients and controls. Two to two comparisons were carried 593 

out using the Student t-test or the Mann-Whitney test, as appropriate. (B) Correlation between 594 

perforin expressions in NK cells and CD8+ T lymphocytes in all COVID-19 patients using 595 

the Pearson test. (C) Perforin density in patient and control NK cells. Perforin content was 596 

expressed in arbitrary units of median fluorescence intensity (MFI). Two to two comparisons 597 

were carried out using the Student t-test or the Mann-Whitney test, as appropriate. Each dot 598 

represents a participant. 599 

Figure 3. (A, B, C, D) Absence of link between the frequency of perforin expression in NK 600 

cells and markers of disease severity. Lack of correlation between the percentage of perforin-601 

positive NK cells and CRP (A), LDH (B), lymphocyte count (C), and monocyte count (D). 602 

The Pearson test or the Spearman test were used, as appropriate. (E, F) Absence of difference 603 

in the frequency of perforin-positive NK cells (E) and in the perforin density in NK cells (F) 604 

between ICU patients who survived or not. MFI, median fluorescence intensity. Differences 605 

were evaluated using the the Mann-Whitney test. Each dot represents a participant. 606 

Figure 4. Correlations between the frequency (A, B, C) and intensity (D, E, F) of perforin 607 

expression in NK cells on one hand and IFN- (A, D), IL-12 (B, E), and IL-6 (C, F) plasma 608 

levels on the other hand, as calculated with the Spearman test. MFI, median fluorescence 609 

intensity. Each dot represents a participant. 610 

Figure 5. (A, B) Correlation between perforin expression in NK cells and NK cell 611 

degranulation. The frequencies of perforin-harboring NK cells and of NK cells displaying the 612 

degranulation marker CD107A at their surface are shown (A). The median perforin content in 613 
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28 

NK cells and the frequency of NK cells displaying the degranulation marker CD107A at their 614 

surface are shown (B). MFI, median fluorescence intensity. The Spearman test was used to 615 

estimate the correlations. (C, D) Frequency of NK cells (C) and T8 cells (D) expressing the 616 

cell surface marker of degranulation CD107A. Two to two comparisons were carried out 617 

using the Student t-test or the Mann-Whitney test, as appropriate. Each dot represents a 618 

participant. 619 

Figure 6. (A, B) Normalization of perforin expression in patient NK cells one year after the 620 

acute phase of SARS-CoV-2 infection. PRF1 mRNA (A) and the frequency of perforin (B) in 621 

the NK cells of HCs and patients who had recovered. The Student t-test or the Mann-Whitney 622 

test were used, as appropriate. Each dot represents a participant. 623 
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